Keywords: oxygen free radicals; blood cardioplegia; coronary artery bypass graft Knowledge of myocardial stunning as a primary consequence of reperfusion in humans remains elusive, compared with numerous in vitro perfused organ preparations and in vivo animal studies. Despite improvements in surgical and myocardial protection techniques, postoperative ventricular dysfunction after cardiac surgery is common clinically'-3 and observed experimentally,46 and may represent "global stunning". In many cases there was no evidence of myocardial necrosis following total ischaemia by aortic clamping and reperfusion of the ventricle.7 Evidence of a role for oxygen derived free radicals is overwhelming in most experimental preparations: the generation of free radicals has been demonstrated and measured directly in myocardial tissue after a transient period of ischemia-reperfusion by spin trapping and electron paramagnetic resonance (EPR) techniques8-'0; there is a relation between the activity of free radicals and the entity of stunning; antioxidant and free radical scavengers enhance recovery of function in stunned myocardium. "-13 Confirmation of these findings in the postischaemic human myocardium has been elusive, as we must rely on indirect criteria to assess oxidative stress and the effects of anti-free radical interventions in the clinical setting.'4'6 To date there is a limited number of reports suggesting the presence of oxidative stress following reperfusion of the postischaemic human heart.'7-'9 None of the studies prove that the magnitude of free radical formation found is harmful, although they do support the overall concept that free radicals are formed during reperfusion and may contribute to reperfusion injury.20 21 Nonetheless, Ferrari et al have reported the occurrence of major changes of glutathione content and redox balance in coronary sinus plasma during postischaemic reperfusion in patients subjected to crystalloid cardioplegia for coronary artery bypass grafting (CABG).'7 They found a positive correlation between the duration of ischaemia and the release of oxidised glutathione; in addition, the recovery of the cardiac index was inversely related to the measurements of oxidative stress. Furthermore, Bolli et al have clarified that the degree of postischaemic dysfunction is primarily determined by the severity and duration of previous ischaemia.8 Using EPR, they 
Patients-20 patients were selected for coronary artery bypass surgery (CABG) on the following basis: stable angina, ejection fraction > 50%, double or triple vessel disease, no previous CABG or associated disease. Patients were randomised to two groups of 10 patients each. Interventions-Patients underwent CABG with one of two different methods of myocardial protection and cardiopulmonary bypass. CBC group: intermittent cold blood antegrade-retrograde cardioplegia with moderate hypothermic cardiopulmonary bypass; WBC group: continuous warm blood antegraderetrograde cardioplegia with mild hypothermic cardiopulmonary bypass. Main outcome measure-The index of oxidative stress used was the alteration of whole blood and plasma glutathione redox status. Samples were collected from the coronary sinus and peripheral vein before anaesthesia (Ti), before aortic unclamping (T2), 15 minutes (T3), and 30 minutes (T4) after unclamping. Haemodynamic parameters were measured with thermodilution techniques. Results-Oxidised glutathione and glutathione-cysteine mixed disulphide significantly increased in the coronary sinus plasma in the CBC group, and the overall redox balance of glutathione was decreased (P < 0.01) at T2-T4 versus TI, and compared with the WBC group. Comparable results were obtained for coronary sinus blood. There was no correlation between postoperative haemodynamic measurements and oxidative stress markers. Conclusions-Oxidative stress was significant in patients undergoing CABG using cold blood cardioplegia, while the warm technique minimised the effects of ischaemia. However, oxidative stress was not correlated with myocardial dysfunction following CABG. (Heart 1997; 77:465-473) Keywords: oxygen free radicals; blood cardioplegia; coronary artery bypass graft Knowledge of myocardial stunning as a primary consequence of reperfusion in humans remains elusive, compared with numerous in vitro perfused organ preparations and in vivo animal studies. Despite improvements in surgical and myocardial protection techniques, postoperative ventricular dysfunction after cardiac surgery is common clinically'-3 and observed experimentally,46 and may represent "global stunning". In many cases there was no evidence of myocardial necrosis following total ischaemia by aortic clamping and reperfusion of the ventricle.7 Evidence of a role for oxygen derived free radicals is overwhelming in most experimental preparations: the generation of free radicals has been demonstrated and measured directly in myocardial tissue after a transient period of ischemia-reperfusion by spin trapping and electron paramagnetic resonance (EPR) techniques8-'0; there is a relation between the activity of free radicals and the entity of stunning; antioxidant and free radical scavengers enhance recovery of function in stunned myocardium. "-13 Confirmation of these findings in the postischaemic human myocardium has been elusive, as we must rely on indirect criteria to assess oxidative stress and the effects of anti-free radical interventions in the clinical setting.'4'6 To date there is a limited number of reports suggesting the presence of oxidative stress following reperfusion of the postischaemic human heart.'7-'9 None of the studies prove that the magnitude of free radical formation found is harmful, although they do support the overall concept that free radicals are formed during reperfusion and may contribute to reperfusion injury.20 21 Nonetheless, Ferrari et al have reported the occurrence of major changes of glutathione content and redox balance in coronary sinus plasma during postischaemic reperfusion in patients subjected to crystalloid cardioplegia for coronary artery bypass grafting (CABG).'7 They found a positive correlation between the duration of ischaemia and the release of oxidised glutathione; in addition, the recovery of the cardiac index was inversely related to the measurements of oxidative stress. Furthermore, Bolli et al have clarified that the degree of postischaemic dysfunction is primarily determined by the severity and duration of previous ischaemia.8 Using EPR, they showed a linear relation between the magnitude of free radical generation and ischaemic flow reduction. These findings imply that, regardless of the precise mechanism responsible for stunning, the mechanism must be initiated and regulated by ischaemia, and any intervention that improves perfusion during ischaemia would be expected to attenuate stunning after reperfusion.
These findings prompted our investigation of a new method of myocardial protection developed by Lichtenstein et al. 22 The basic concept of this method is the association of chemical electromechanical arrest (by potassium) with a continuous warm blood (WBC) perfusion to prevent myocardial ischaemia. In the past few years, methods have been developed to modify cardioplegia and reperfusion constituents, or to supply various antioxidants with the aim of reducing reperfusion injury after cardioplegic arrest during cardiac surgery. 23 The goal of WBC is not only to provide substrate, oxygen, and perfusion to achieve some degree of cellular repair but also to prevent additional damage from ischaemia, hypothermia, reperfusion, and oxidative stress.
In the present study, the alterations of glutathione redox status (taken as an indirect index of oxidative stress) occurring in plasma and whole blood were measured into two groups of 10 patients undergoing different techniques of myocardial protection for CABG. Furthermore, the presence of a correlation between oxidative stress and myocardial function in the early postoperative hours was investigated.
Patients and methods

PATIENTS
From January to July 1993, 20 patients scheduled for elective CABG were selected on the basis of symptoms and cardiac catheterisation-stable chronic angina, double or triple coronary artery vessels disease (> 50% reduction in luminal diameter), and preserved left ventricular function (ejection fraction > 50%, left ventricular end diastolic pressure < bypass circuit and delivered with a roller pump, potassium was added with a syringe pump (16 mEq of K+ and 3 mEq of Mg++ per 20 ml) directly into a side branch of the cardioplegic line. In order to induce arrest, the first 20 ml of hyperkalaemic blood were infused in 30-60 seconds, the heart was then perfused antegradely for two minutes at a flow rate of 250-300 ml/min and then for two minutes retrogradely at 150-200 ml/min (retrograde pressure < 40 mm Hg). Subsequently, continuous perfusion was maintained with a retrograde perfusion flow rate of 150 ml/min, and coronary sinus pressure < 40 mm Hg. A GSH in the coronary sinus whole blood (fig 2) . However, none of these parameters in either group was significantly correlated with the duration of cardioplegic arrest (cross clamping time) or the cardiospecific enzymes (creatine kinase MB isoenzyme) (correlation coefficient < 0-40, P > 0-5).
The modifications of glutathione redox status in whole blood (erythrocytes) are shown in figure 3 . Heart reperfusion after cardioplegia was associated with a moderate decrease of GSH and a concomitant increase of GSSG in the coronary sinus whole blood of the CBC group. These differences were significant for TI versus T2, T3, and T4, and compared with the WBC group at same times. Only minor variations were observed in the peripheral venous blood of the CBC group, while no significant differences were measured in the coronary sinus and peripheral venous whole blood of the WBC group at any time. Table 2 and figure 4 show the haemodynamic changes after cardiopulmonary bypass for the two groups. Recovery progressively improved during the six hours after ICU admission. LVSWI remained lower than pre- Ti  T2  T3  T4  T5  T6  T7   LVSWI   140   120   100   80   60   40   20   0   140   120   100   80   60   40   20   0   Ti  T2  T3  T4  T5  T6  T7 
performance without statistically significant differences between the two groups, especially at 24 hours after CABG.
Discussion
Our knowledge of myocardial stunning and the involvement of free radicals in postischaemic injury in human heart has been relatively elusive compared with the amount of experimental data." 5 17 II Whether reperfusion injury is clinically relevant in patients undergoing myocardial reperfusion after global ischaemia during cardioplegic arrest (cardiac surgery), or after thrombolytic or angioplasty therapy for myocardial infarction remains controversial.28-30 Postoperative acute myocardial dysfunction has been suggested to be a common occurrence after cardiopulmonary bypass. 1-3 It appears to be a reversible event within 24 hours of surgery and may have importance in the early postoperative period, especially in patients whose ventricular function is already compromised. Some studies have suggested that inadequate myocardial protection or cold cardioplegia3' 32 together with reperfusion injury from oxygen derived free radicals are factors in postoperative myocardial dysfunction.3334 Because reperfusion is a prerequisite for the survival of ischaemic tissue, the proof of the existence of reperfusion induced injury essentially relies on the demonstration of limitation of myocardial injury by interventions that are implemented at the time of reperfusion. However, we are waiting confirmation that stunning indicates injury at the time of reperfusion rather than being a sign of delayed recovery after ischaemia. 11 [35] [36] [37] The method of myocardial protection developed by Lichtenstein et al22 that involves chemical electromechanical arrest and continuous warm blood perfusion aims to prevent damage from ischaemia, hypothermia, reperfusion, and oxidative stress.
As reported by Sies38 oxidative stress can be defined as a condition in which the balance between pro-oxidants and antioxidants is shifted in favour of the former: among the various intracellular antioxidants an important role is played by GSH that acts as a reductant in enzymatic reactions catalysed by peroxidase and thiol disulphide oxidoreductases.3940 Glutathione exists in three forms: GSH (reduced), GSSG (oxidised), and Cys-SG (glutathione mixed disulphides with low molecular weight thiols such as cysteine) or with thiol residues in protein. 4 ' Intracellular glutathione concentrations, kept in the millimolar range by continuous synthesis, and the redox ratio between GSH, and GSSG and Cys-SG are usually extremely high. The redox balance is different in extracellular fluids (plasma) where the concentrations of GSSG and mixed disulphides are relatively high. However, following oxidative stress, GSH is enzymatically oxidised to GSSG which, in turn, may be rereduced or actively excreted from the cell.42
For these reasons an increased concentration of GSSG and a decrease of the glutathione redox balance in intracellular as well as extracellular fluids have been proposed as suitable indexes of oxidative stress. 43 The present study intended to demonstrate that postcardioplegia free radical production was detectable in patients undergoing cardiac surgery and that reduction (or suppression) of oxidative stress could be achieved by avoiding or limiting ischaemia and consequently reducing reperfusion injury without supplying antioxidants or modifications of constituents of cardioplegia as used in recent years. 2' The results from the CBC group show that during reperfusion of ischaemic human hearts the plasma concentrations of the oxidised form of glutathione increased in the coronary sinus, indicating oxidative stress, while the WBC group did not show any important alterations in the glutathione redox status, suggesting that this method minimises the effects of ischaemia and prevents additional damage from hypothermia and reperfusion.
A moderate but significant decrease in the basal concentration of GSH was found in the WBC group in both coronary sinus and peripheral vein plasma compared with control subjects (figs 1 and 2). As the decrease was not parallelled by a concomitant increase of the oxidised forms of glutathione, one can argue that this was a decreased supply rather than oxidation.
It has been claimed'9-27 38-4144 that erythrocytes are a natural circulating reservoir of antioxidants to be employed during oxidative stress in various organs and tissues. A change in erythrocyte glutathione redox status during reperfusion would therefore reflect both the occurrence of an oxidative stress and the involvement of erythrocyte glutathione as an antioxidant defence mechanism. More than 98% of total blood glutathione is in the erythrocytes, therefore, a simple measure of total blood glutathione reflects the concentration of glutathione in erythrocytes.
Plasma glutathione measurements are mirrored in whole blood from either the coronary sinus or the peripheral vein, showing an increase of oxidised forms only in the CBC group (fig 3) . Furthermore, a significant increase of GSSG was detected in whole blood (coronary sinus and peripheral vein) from both groups before cardioplegic arrest compared with controls ( fig 3B) . This difference could be related to the induction of anaesthesia, and aortic and caval cannulation as a global "stress"; however, during reperfusion the concentration of GSSG markedly increased in the CBC group especially in whole blood from the coronary sinus.
Signs of oxidative stress were also found in peripheral blood from the CBC group and this may reflect either a lesser increase of oxidised forms in the peripheral vein secondary to an initial greater generation at the myocardium, or the involvement of other tissues in the oxidative process related to general activation of polymorphonuclear leucocytes by cardiopulmonary bypass. The first hypothesis is more likely because this increase in oxidised forms was not detected in the peripheral blood of the WBC group that underwent similar cardiopulmonary bypass.
Another criticism could be related to the difference in the delivery technique: intermittent versus continuous. Washout is usually a matter of concern, but the evaluation times chosen, particularly 15 
